Ischemic stroke is the leading cause of serious, long-term adult disability and is associated with sensorimotor and cognitive impairments due to neuronal degeneration. Currently, recombinant tissue plasminogen activator (rTPA) is the only FDAapproved medical therapy for treatment of patients with acute ischemic stroke. However, rTPA can only be given within 3 hours of symptom onset, and only 2% of patients are eligible. Therefore, there is an urgent need for novel neuroprotective treatment options for ischemic stroke. An emerging treatment for a diverse range of neurological disorders associated with neurodegeneration is rapamycin, a key modulator of the mammalian target of rapamycin (mTOR) pathway. The mTOR pathway is the primary regulator of the cellular response to nutrient availability, changes in energy status and stress as seen following ischemia and reperfusion. However, rapamycin's effects on mTORC1 and mTORC2 are poorly understood in neurons. In the current study we show that rapamycin can prevent the activation of both mTORC1 and mTORC2 in cortical neurons and improve cell survival following oxygen glucose deprivation (OGD), an in vitro model of ischemic stroke. This work further supports the investigation of rapamycin as a novel neuroprotectant for ischemic stroke.
Introduction
Stroke is the fourth leading cause of death in the United States resulting in dramatic neurological impairments and decreased quality of life [1] . There is an urgent need for novel neuroprotective treatment options for ischemic stroke, which affects 795,000 people and results in an estimated yearly cost of over $73.7 billion (2010) [2] . Currently, thrombolysis is the only FDA approved treatment. However, treatment delays, a narrow therapeutic window (3 to 4.5 hours after the onset of symptoms) and pre-existing co-morbidities disqualify 98% of patients from thrombolysis [3] . The ultimate goal of a neuroprotective strategy for stroke is to maintain adequate brain function and neurological ability following injury associated with ischemia and reperfusion. Currently, treatments aiming to achieve ischemic neuroprotection use multiple treatment modalities such as N-methyl-D-aspartate (NMDA) receptor antagonists, calcium channel blockers and antioxidants for management of stroke but none have been able to significantly reverse neuronal damage following both ischemia and reperfusion injury [4] .
An emerging treatment for a diverse range of neurological disorders associated with neurodegeneration is rapamycin, a key modulator of the mammalian Target of Rapamycin (mTOR) pathway. The mTOR pathway is the primary regulator of the cellular response to nutrient availability, changes in energy status and stress as seen following ischemia and reperfusion [5] . Treatment with rapamycin promotes neuronal viability and reduces neurological damage in multiple animal CNS injury models [6] [7] [8] [9] [10] [11] .
The current study investigates the effects of rapamycin on mTOR signaling and neuron survival in an in vitro model of ischemic stroke using oxygen glucose deprivation (OGD). OGD induces metabolic and oxidative stress, excitoxicity, apoptosis, and inflammatory processes comparable to that associated with ischemic stroke [12] . Conversely, this model also mimics the changes in the cellular environment following reperfusion (reoxygenation), the primary result of reperfusion after transient occlusions in animal models and rTPA mediated thrombolysis, the most widely used treatment for stroke patients [13] . Reperfusion returns the affected neuronal region to normal energy and normoxic conditions by restoring blood flow to the infarcted area which is sufficient to activate the mTOR pathway [12] , [14] . mTOR is activated by phosphorylation at multiple sites (Ser-2448, Ser-2481, Thr-2446, and Ser-1261), with Ser-2448 and Ser-2481 being most critical for kinase activity [5, 15, 16] . Additionally, phosphorylation of mTOR regulates the formation of two major heteromeric and functionally distinct complexes: mTOR Complex 1 (mTORC1) and mTOR Complex 2 (mTORC2), with mTORC1 predominantly containing mTOR phosphorylated on Ser-2448 and mTORC2 predominantly containing mTOR phosphorylated on Ser-2481 [17] . These two complexes are characterized by their specific binding proteins raptor and rictor. Raptor is an essential scaffolding protein for the formation of mTORC1. In a similar fashion mTORC2 is bound by rictor [15, 18, 19] . Functionally, raptor and rictor serve to enhance substrate specificity of mTOR towards its downstream targets, p70 ribosomal S6 Kinase (p70S6K) and Akt respectively [5] .
The primary function of mTORC1 is to directly regulate protein synthesis in response to intracellular and extracellular stress and changes in nutrient availability, as in ischemia and reperfusion [16] . Under conditions of low nutrient and oxygen availability mTORC1 decreases protein synthesis, neuron growth and proliferation, and promotes autophagy, a physiological process whereby a neuron selectively destroys intracellular waste products [15, 18, 19] . mTORC1 is reciprocally phosphorylated at Ser-2448 by its down stream target, p70S6K [20] . Phosphorylation of p70S6K by mTOR is down-regulated in response to decreased amino acid availability and rapamycin treatment. Through the subsequent inhibition of its downstream target p70S6K, mTORC1 decreases protein synthesis, cellular growth and autophagy [20, 21] .
Two main functions of mTORC2 have been characterized. The first is its role in maintaining cytoskeleton integrity. Second, in conjunction with PDK1 phosphorylation of Akt at Threonine 308, mTORC2 initiates the phosphorylation and activation of Akt at Ser-473. Subsequently, Akt promotes neuron proliferation, survival, and migration, partly through promoting mTORC1 activity. Thus, Akt connects mTORC1 to mTORC2 signaling [15, 18, 19] . The activation of Akt has been reported to be associated with improved neuronal outcome in multiple models of stroke [22] [23] [24] [25] .
Rapamycin binds to its intracellular receptor FK-binding protein 12 (FKBP12) and the resulting complex interacts with the FKBP12-rapamycin binding (FRB) domain located in the Cterminus of mTOR [26] . Binding of the rapamycin/FKBP12 complex to the FRB domain of mTOR inhibits the interaction of raptor with mTOR, thereby reducing raptor-dependent mTOR substrate phosphorylation of p70S6K [27, 28] . Since p70S6K is believed to be the main 2448 kinase for mTOR, rapamycin inhibition of p70S6K leads to a decrease in the phosphorylation of mTOR at Ser-2448 [17] . In contrast to mTORC1, mTORC2 does not bind rapamycin/FKBP12 and this is thought to confer mTORC2 its resistance to acute rapamycin treatment [29] . However, it has been shown that mTORC2 is sensitive to prolonged rapamycin treatment in certain cell types in which rapamycin prevents the formation of the mTORC2 complex [17, 30] , and it has been suggested that rapamycin is actually a celltype-dependent inhibitor of mTORC2, whereas rapamycin is a universal inhibitor of mTORC1 [30] .
Rapamycin's effects on mTORC1 and mTORC2 are poorly understood in neurons. Therefore, this study assesses the effects of rapamycin on mTOR signaling and neuronal survival in an in vitro model of ischemic stroke, OGD. Following both OGD and rapamycin treatment we have shown changes in the localization of mTOR and in its activation state. We have also shown congruent changes in the activation of the down stream targets Akt and p70S6K. Furthermore, we demonstrate beneficial effects of rapamycin treatment on neuronal viability following OGD.
Results

Inhibition of mTOR Phosphorylation by Rapamycin
In order to better understand rapamycin's effects on mTORC1 and mTORC2 in primary cortical neurons, cell cultures were treated with multiple doses of rapamycin (0 nM, 2 nM, 5 nM, 10 nM, and 20 nM) for 1.5 h. Western blot analysis shows that rapamycin is able to decrease phosphorylation of mTOR at Ser-2448 and subsequently, phosphorylation of p70S6K, in a dose dependent manner (Fig 1A,B) . We also found that 20 nM of rapamycin was able to cause a small but significant reduction (21.6% 6 2.1%) in phosphorylated mTOR at Ser-2481 (Fig 1C,D) . Interestingly, rapamycin at the lower doses (2, 5 and 10 nM) increased phosphorylation of Akt (Fig 1C,D) . At 20 nM, however, phosphorylated Akt drops significantly, which may be due to the decrease in phosphorylated mTOR at Ser-2481.
Rapamycin Improved Neuronal Viability Following OGD
Immunofluorescence was used to determine the beneficial effects of rapamycin on neuronal viability and morphology following OGD (Fig 2) . Neurons subjected to 1 h of OGD were treated with rapamycin (20 nM) or vehicle (0.01% EtOH), and then fixed after 90 m or 24 h. The number of viable neurons in the rapamycin-treated groups was significantly higher at 90 m (76.6% 6 5.9%) and 24 h (61.4% 6 14.2%) than in the vehicletreated groups (41% 6 2.5% and 17% 6 5.6% respectively). Therefore, rapamycin seems to have a neuroprotective effect that is fast acting (prevents cell death after only 90 m) and long-lasting (protects up to 24 h).
Caspase-3 has been identified as a key mediator of apoptosis in animal models of ischemic stroke [31] . Caspase-3 cleaves many substrate proteins, including poly (ADP-ribose) polymerase (PARP), which leads to DNA injury and subsequently to apoptotic cell death. Due to the large increase in surviving cells, we checked to see if there was any effect on caspase-3 activation by rapamycin. We found that 1 h of OGD caused an increase in caspase-3 cleavage that peaked after 6 h (Fig 3) . However, rapamycin had no effect on caspase-3 cleavage when compared to vehicle.
Rapamycin Decreases Phosphorylated mTOR Following OGD
In order to further determine the effects of rapamycin treatment on phosphorylated mTOR at Ser-2448 and Ser-2481 after an ischemic event, we performed immunofluorescence on primary neuron cultures that had been subjected to OGD for 1 h and rapamycin treatment for 24 h. Under control conditions, phosphorylated mTOR at Ser-2448 is predominately expressed in the cytoplasmic region of the cell (Fig 4A) . Phosphorylated mTOR at Ser-2481 is expressed throughout the cytoplasm, the nucleus and the cell extensions (Fig 4B) . Twenty-four hours after OGD, rapamycin causes a significant decrease in both phosphorylated mTOR at Ser-2448 and Ser-2481 compared to vehicle (Fig 4A, B) .
Following OGD Rapamycin Reduces Phosphorylation of mTOR at Ser-2448 and Ser-2481
Using western blot analysis, we determined the phosphorylation state of mTOR at both Ser-2448 and Ser-2481 in primary neuron cultures following 1 h of OGD and in the presence of rapamycin (20 nM) or vehicle (0.01% EtOH) for various time points (1.5 -24 h). Following OGD, rapamycin treatment for 1.5 h significantly decreases phosphorylated mTOR at Ser-2448 by 59.7% 6 4.2% (Fig 5A, E) and Ser-2481 by 47.7% 6 2.0% (Fig 5B, F) compared to the control. This decrease in phosphorylation is still significant after 24 h, where Ser-2448 has decreased by 78.0% 6 1.1% and Ser-2481 has decreased by 63.7% 6 0.3%. mTORC1 activity can be monitored by p70S6K phosphorylation at Ser-371 [20] . Phosphorylation of p70S6K following OGD and vehicle treatment was significantly increased at 1.5 h and 3 h compared to control (Fig 5C, E) . Rapamycin treatment decreased p70S6K phosphorylation significantly at all time points compared to vehicle. There was no significant change in total p70S6K levels. The decrease in phosphorylation of p70S6K following rapamycin treatment correlates with the decrease in phosphorylated mTOR at Ser-2448. mTORC2 is responsible for the phosphorylation of Akt at Ser-473 [32] . We found that phosphorylation at this site is moderately induced in response to OGD in both vehicle and rapamycin treated groups and that rapamycin and vehicle treated groups are not significantly different at any of the time points tested between 1.5 and 16 h (Fig 5D, F) . However, rapamycin does cause a small decrease in pAKT (28.7% 6 2.4%) after 24 h when compared to vehicle. Total Akt levels remained unchanged as compared to control.
Discussion
The current study provides support for further investigation of rapamycin as a neuroprotective treatment modality for ischemia/ reperfusion injury, such as stroke. We have characterized the effects of rapamycin treatment on mTOR signaling following 1 h of OGD and demonstrate that rapamycin treatment leads to a significant increase in neuronal viability in vitro.
The activation of mTORC1 and mTORC2 can be determined by measuring the phosphorylation of mTOR at Ser-2448 and Ser-2481 respectively [17] . This study establishes a dose dependent decrease in mTOR phosphorylation at Ser-2448 by rapamycin in primary cortical neurons in vitro. Our results indicate that in primary cortical neurons the concentration of rapamycin necessary to elicit a 50% reduction in Ser-2448 phosphorylation is 5 nM (Fig 1) . The concentration of rapamycin used in the current study (20 nM) was sufficient for an approximate 70% reduction in Ser-2448 phosphorylation. Other studies, in multiple cell types, have used higher doses (up to 100 nM) of rapamycin to achieve similar reductions in mTOR phosphorylation. The current results indicate that in primary neurons the use of higher concentrations is not necessary and that the efficacy of rapamycin to inhibit mTOR phosphorylation at Ser-2448 is high at low nanomolar concentrations. Further studies to assess the effects of higher concentrations on cell viability in multiple cell types are necessary in order to confirm that the concentration of rapamycin being used is appropriate and not detrimental. In contrast to mTORC1, mTORC2 has been shown to be resistant to acute rapamycin treatment [29] . However, previous studies have shown that rapamycin can inhibit the formation of mTORC2 in certain cell types by binding to free mTOR and preventing the further binding of Rictor [17, 30] . In this study, we found that 20 nM of Rapamycin for 1.5 h can cause a small but significant decrease (21.6% 6 2.1%) in phosphorylation of mTOR at Ser-2481 in primary cortical neurons. Additionally, we found that prolonged rapamycin treatment (up to 24 h) following OGD can cause a significant drop in Ser-2481 phosphorylation (63.7% 6 0.3%). Our data further supports the theory that rapamycin is a cell-type-dependent inhibitor of mTORC2 [30] .
Under normoxic conditions immunofluorescent staining revealed that mTORC1 and mTORC2 are differentially expressed in neurons. Phosphorylated mTOR at Ser-2448 (mTORC1) is predominately expressed in the cytoplasm, whereas phosphorylated mTOR at Ser-2481 (mTORC2) is expressed throughout the cell body, including the cytoplasm, nucleus and cell extensions (Fig 4) . A previous study in human cell lines has also demonstrated a similar expression pattern, in which mTORC1 was found in the cytoplasm and mTORC2 in the cytoplasm and nucleus [33] .
In multiple models of neurodegenerative disease such as Alzheimer's and Parkinson's Diseases, inhibition of mTOR phosphorylation by rapamycin is correlated with improved neuronal viability [10, 34, 35] . In this study, we show following 1 h of OGD, that there is a significant increase in the number of neurons in the rapamycin-treated cultures compared to the vehicle-treated cultures (Fig 2) , which further supports the use of rapamycin as a neuroprotectant following ischemia/reperfusion injury. Caspase-3 has been identified as a key mediator of apoptosis in animal models of ischemic stroke in vivo [31] . However, we found that rapamycin had no effect on caspase-3 cleavage when compared to vehicle in our OGD model in vitro (Fig 3) . Therefore, rapamycin's neuroprotective effects do not seem to involve the inhibition of caspase-3.
Following OGD, phosphorylated mTOR Ser-2448 is moderately increased in vehicle treated primary neuron cultures, which is significantly reversed with rapamycin treatment. Furthermore, p70S6K phosphorylation at Ser-371 is decreased with rapamycin treatment in correlation with the decrease in mTOR Ser-2448 phosphorylation (Fig 5) . As a downstream target of mTORC1, the resulting decrease in p70S6K phosphorylation following rapamycin treatment indicates decreased mTORC1 signaling activity, which could potentiate cell viability through the reduction in protein synthesis, preservation of cellular nutrient stores and the release of autophagy inhibition. These results are congruent with previous work that indicates the phosphorylation of p70S6K is moderately increased in response to oxidative stress but can be decreased following a reduction in mTORC1 activity by rapamycin treatment [16, 36] . Decreases in the phosphorylation of mTOR at Ser-2448 and p70S6K at Ser-371 after treatment with rapamycin supports rapamycin's ability to inhibit mTORC1 formation. The current and previous data indicate that a reduction in mTORC1 formation following injury results in improved neuronal viability.
Rapamycin treatment decreases Ser-2481 phosphorylation as compared to the vehicle treated group (Fig 5) . This decrease does not clearly correlate with Akt phosphorylation at Ser-473, a key indicator of mTORC2 activity. Akt phosphorylation is moderately increased in both vehicle and rapamycin treated groups following OGD, which could play a role in the innate defense mechanism of the cell following OGD, possibly through the reduction of proapoptotic signaling. It is thought that mTORC2-dependent phosphorylation of Akt can be affected in one of three neuron type dependent ways following treatment with rapamycin: (1) Akt phosphorylation can be strongly inhibited (2) partially inhibited or (3) increased [30] . In our primary cortical neurons, rapamycin treatment (20 nM) had very little effect on Akt phosphorylation. Previous work indicates that following central nervous system injury such as ischemia, Akt activity is increased and becomes deregulated due to increased stimulation as a result of increased extracellular ATP. The current results indicate a moderate increase in Akt further supporting these findings [37, 38] [8, 39] . The increase in Akt activity could improve neuronal viability through increased inhibition of pro-apoptotic mediators and increased mitochondrial mediated glycolysis [40] [41] [42] . Further studies are needed to accurately elucidate the role of mTORC2/ Akt signaling following OGD and reoxygenation such as the direct modulation of mTORC2 formation by knockdown of its associated protein Rictor.
The results of the current study suggest that rapamycin is an inhibitor of mTORC1 and mTORC2 in primary cortical neurons following OGD. We hypothesize that through the modulation of down-stream targets of mTOR, rapamycin promotes neuronal viability by decreasing protein synthesis, inhibiting pro-apoptotic factors and increasing autophagy. Determining the direct effects of rapamycin on mTORC1 and mTORC2 signaling will provide further understanding to the link between mTOR inhibition and improved neuronal viability. This study supports the continued research of mTOR modulation as a potential target for the development of novel treatments for ischemia/reperfusion injury in both in vitro and in vivo models of stroke.
Materials and Methods
Ethics Statement
All the animal work was carried out in the animal facility at the University of Texas Health Science Center in San Antonio (UTHSCSA) after being approved by the Animal Care and Use Committee at the UTHSCSA (Protocol Number 07071) and adhered to the National Institute of Health principles of laboratory animal care (NIH publication No. 80-23).
Neuron Culture and Treatments
Neuronal cultures were harvested from embryonic day 17 Sprague-Dawley rats. Neurons were plated onto poly-L-lysine coated cover slips or 35 mm dishes and maintained in serum-free Neurobasal medium supplemented with B27 at 37uC, and 5% CO 2 in a humidified environment. Neurons were incubated for a minimum of 14 days before experimentation.
Neurons were treated with oxygen glucose deprivation (OGD), 1 h in an environment containing 1% oxygen and glucose free media. Glucose free media was replaced with preconditioned media containing 20 nM rapamycin in 0.01% EtOH immediately following OGD treatment. Neurons were then harvested for use in western immunoblotting or immunofluorescence analysis.
Western Immunoblotting Analysis
Western Blot Analysis was performed on neuron lysates at multiple time intervals following 1 h of oxygen glucose deprivation (OGD). Neurons were lysed in ice-cold lysis buffer with appropriate protease inhibitors (Neuron Signaling, Massachusetts, USA). Samples were centrifuged (14,000 rpm, 10 min, 4uC) to obtain supernatant and their protein concentration determined using bichoninic acid protein assay (Pierce, Illinois, USA). Equivalent amounts of protein (10 mg) from each sample were subjected to sodium dodecyl sulfate-polyacrylamide electrophoresis using 4-12% Bis-Tris gels (Invitrogen, California, USA) under reducing conditions and electro-blotted onto a nitrocellulose membrane. Following a blocking step (0.1% Tween-20/5% nonfat milk in PBS, 1 h, RT) membranes were incubated with primary antibodies overnight at 4uC with gentle agitation. The following primary antibodies were used (1:1000, Neuron Signaling, Danvers, Mass., USA): phosphorylated AKT (Ser-473), phosphorylated mTOR (Ser-2448), phosphorylated mTOR (Ser-2481), mTOR (7C10), phosphorylated p70S6K (Ser-371), p70S6K, cleaved-caspase-3, caspase-3, b-Actin. Membranes were washed, and incubated with IRDye800 conjugated anti-rabbit IgG Figure 3 . Rapamycin has no effect on caspase-3 in ischemic neurons. Primary cortical neurons were subjected to 1 h OGD and then treated with rapamycin (20 nM) or vehicle (0.01% EtOH) for multiple time points (3 h -24 h). OGD for 1 h caused an increase in caspase-3 cleavage that peaked after 6 h. However, rapamycin had no effect on caspase-3 cleavage when compared to vehicle. or IRDye680 conjugated anti-mouse IgG (LI-Cor Biosciences, Lincoln, NE). All antibody dilutions were made in non-mammalian Odyssey blocker (LI-Cor). Signal intensities were analyzed using the Odyssey infrared imaging system (LiCor).
Immunofluorescence and Neuron Counting
Neurons were fixed in 4% paraformaldehyde for 15 min at RT, permeabilized (0.1% Tween-20 in PBS, 5 min), and unspecific binding of antibodies blocked with PBS/5.0% BSA for 1 h. Neurons were probed with primary antibodies and incubated overnight at 4uC. The following antibodies were used: (1:500, Neuron Signaling, Danvers, Mass., USA): Anti-phosphorylated mTOR (Ser-2448), Anti-phosphorylated mTOR (Ser-2481), anti-MAP2. After a washing step (PBS, 5 min), neurons were incubated with AlexaFluor-conjugated secondary antibodies (1:1000, 1 h, RT, PBS/5% BSA; Molecular Probes, Eugene, Oregon, USA). The nucleus was counterstained with Hoechst 33342 (Molecular Probes). Coverslips were then mounted onto slides with Prolong Gold Antifade reagent (Molecular Probes). Stained neurons were visualized with an Olympus FV-1000 confocal microscope (Olympus America Inc., Center Valley, Pennsylvania, USA) and images captured with FluoView v. 5.0 software (Olympus America Inc.).
For cell survival experiments, neurons were counted for each treatment condition on three separate cover slips from the same culture. Five fields were chosen randomly on each cover slip and neurons that were positively stained for MAP-2 and Hoechst were counted within each field. Values were then averaged and normalized to control.
Statistical Analysis
Results are expressed as mean 6 s.e.m. Statistical analysis was performed using one-way analysis of variance followed by a Tukey's multiple comparison test. P , 0.05 was considered to be statistically significant.
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